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systems. In order to fully develop the application of MPCS in thermal energy system, more researches 
on preparation and characteristics of MPCS have been done. This paper presents a review on microen- 


oe capsulation methods and thermal characteristics of MPCS. It focuses on the thermal properties and heat 
MPCS transfer characteristics of MPCS flowing in horizontal circular pipe. Some phase change materials and 
Preparation microencapsulation methods are analyzed and discussed. Theoretical models for analyzing heat trans- 
Heat transfer characteristics fer characteristics of MPCS flowing in the pipe are presented. Several factors affecting the heat transfer 
Thermal energy storage characteristics of MPCS are also summarized. 
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1. Introduction ciency of power systems and reduce the waste of energy, (3) find 


. new and renewable sources of energy. Thermal energy storage is 
The demand of energy becomes larger as the rapid development an effective method that can reduce the mismatch between supply 


of the economy and human society. At present, energy supply is and demand, thus it also improves the energy efficiency of power 
mainly from fossil fuels. However, conventional fossil fuels are lim- systems. 


ited, and the use of fossil fuels results in emission of greenhouse 
gas and many harmful gases, which cause the environmental pol- 
lution and climate changes. In recent decades, many researchers 
do their efforts to deal with these problems. There are three main 
ways: (1) reduce the energy demand, (2) improve the energy effi- 


Thermal energy storage includes sensible heat storage and 
latent heat storage. Due to sensible heat storage material has a 
low-energy storage density, it leads to that heat storage system 
requires large space to store the materials, and the construction 
cost also increases. Latent heat storage material provides a high- 
energy storage density when it undergoes a phase change process, 
and it is able to store energy at a constant temperature or with 
~% Corresponding author. Tel.: +86 25 51788228: fax: +86 25 83593707. a limited range of temperature variation, so phase change mate- 

E-mail address: gyfang@nju.edu.cn (G. Fang). rials are widely used in thermal energy storage systems. But the 
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Nomenclature 

C specific heat (J/kg K) 

D diameter of pipe (m) 

dc diameter of the core of microcapsules (m) 
dp diameter of microcapsules (m) 

h heat transfer coefficient (W/m? K) 

k thermal conductivity (W/mK) 

m mass flow rate (kg/s) 

Nu Nusselt number 

Pe Peclet number 

Q heat of fusion (J/kg) 

dw wall heat transfer rate (W) 

qw wall heat flux (W/m?) 

R radius of pipe 

Re Reynolds number 

Rex local Reynolds number 

Ste Stephan number 

T temperature (°C) 

Th upper phase change temperature (°C) 
Tı lower phase change temperature (°C) 
u axial velocity (m/s) 

v radial velocity (m/s) 


Greek letters 


a volume fraction 
Qm mass fraction 

n viscosity (Pa s) 
p density (kg/m?) 
Subscripts 

b bulk fluid 

e effective 

f carrier fluid 

i inlet 

m mean 

to) outlet 

p particle 

w internal wall surface 


direct use of phase change materials for thermal energy storage 
application is limited because the material is prone to be frozen 
on the application wall when it changes its phase from liquid to 
solid. Due to the low thermal conductivity of most phase change 
materials, the frozen layer can drastically decrease the efficiency 
of heat transfer [1,2]. In order to solve the problem, suspension of 
the phase change material in a carrier liquid is developed by being 
emulsified or microencapsulated [3]. 

Microencapsulation is a process by which particles of solid or 
liquid material are coated with some polymeric materials. The 
capsules produced by microencapsulation are in the microme- 
ter to millimeter range. The microencapsulation technology has 
been widely applied to the pharmaceutical manufacturing, chem- 
ical industry and biology engineering. Microcapsules with phase 
change material as core material are mixed with some carrier fluid, 
so the suspension is called microencapsulated phase change mate- 
rial slurry (MPCS). The shell of microcapsules protects the core 
material from interacting with carrier fluid, which enhances the 
stability of the material and avoids particle aggregation. Microen- 
capsulation increases surface-to-volume ratio of phase change 
material and the particles interact with particles or fluid, which 
significantly increases the capability and heat transfer efficiency 
of MPCS [3,4]. In recent years, researchers have done much work 


on the preparation and properties of MPCMS, and many important 
results were obtained. 


2. Preparation of microencapsulated phase change 
materials 


The applications of microencapsulated phase change material 
(MPCM) are mainly in thermal energy storage, heat transfer and 
temperature controlling. For instance, it is used in the secondary 
loop of refrigeration system or applied to thermal insulation mate- 
rial in construction. That Narita airport in Tokyo uses MPCMS to 
store cold energy is a practical large-scale application of MPCS 
[5]. Griffith and Eamesa [6] applied MPCS in a cooled ceiling sys- 
tem and conducted a four-month experiment. It was proved from 
the experiment that MPCS could effectively reduce the flow rate 
while keeping a constant temperature. Mihashi et al. [7] used 
butyl stearate PCM on porous lightweight aggregates. The concrete 
impregnated could maintain interior temperature around 18°C. 
Tyagi et al. [8] and Zhang et al. [5] present reviews on the devel- 
opment of phase change materials based on microencapsulated 
technology. Microencapsulated phase change materials are very 
attractive in improving the thermal performance of textile fabrics 
[9,10]. 

Inorganic phase change material has some advantages, such 
as large thermal conductivity and high energy storage density. 
However, supercooling is high when the material changes its 
phase from liquid to solid, and phase separation happens in phase 
change process. The core material used in MPCM should meet some 
requirements: (1) suitable phase change temperature or temper- 
ature range, (2) large latent heat, (3) good thermal conductivity, 
(4) low density change and (5) low reactivity. Paraffin is a kind of 
practical organic material suitable for MPCM. Mixture of organic or 
inorganic PCM can be used to develop ideal core material. 

There are many kinds of organic or inorganic materials which 
can be used for the shell material. However, polymers are com- 
monly used. The shell material should be selected according to 
the physical properties of the core material. If the core mate- 
rial is hydrophilic, hydrophobic polymer is generally used as the 
shell material, and vice versa. The shell material should meet 
some requirements [11]: (1) good flexibility, (2) good sealing tight- 
ness, (3) endurance and (4) low reactivity. Some polymers are 
often selected as shell material, such as polystyrene, polymethyl- 
methacrylate, Arabic gum, gelatin, amino plastics, gelatin-gum 
Arabic, urea formaldehyde resin, melamine formaldehyde resin, 
gelatin formaldehyde resin, and so on [9,12-16]. The silica prepared 
by hydrolysis condensation reaction of TEOS is also used as shell 
material [17]. 

Microcapsules can be achieved by many methods, which include 
physical method, chemical method and physicochemical method. 
Microencapsulation methods of phase change materials are pre- 
sented in Table 1. The diameter ranges of microcapsules are shown 
in Table 2 [31]. 


e Physical methods: Spray drying, spray cooling, air suspension 
coating, supercritical fluid method, centrifugal extrusion, elec- 
trostatic precipitation, and so on. 

* Chemical methods: Interfacial polymerization, in situ polymeriza- 
tion, piercing-solidifying, suspension cross-link method, and so 
on. 

e Physicochemical method: Phase separation. 


Fig. 1 presents type of microcapsules, such as mononuclear 
microcapsules: a single core wrapped with a continuous shell 
material, poly-nuclear microcapsules: many cores coated with 
a continuous shell material and multi-film microcapsules: a 
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Microencapsulation methods of phase change materials. 


References Core material Shell material Microencapsulation method 
Zou et al. [18] Hexadecane TDI and EDA Interfacial polymerization 
Fang et al. [17] Paraffin wax SiO? Sol-gel method 


Chen et al. [19] 
Ozonur et al. [20] 
Alvarado et al. [21] 
Choi et al. [22] 
Alkan et al. [23] 
Alkan et al. [24] 
Hawlader et al. [25] 
Fang et al. [26] 
Zhang et al. [27] 
Bayes-Garcia et al. [28] 
Ai et al. [29] 

Onder et al. [30] 


1-Bromohexadecane 
Coco-fatty acid 
Tetradecane 
Tetradecane 
Docasane 
Eicosane 

Paraffin wax 
Tetradecane 
Octadecane 
Mixture of alkanes 
Hexadecane 
Hexadecane 
Octadecane 
Nonadecane 


Amino plastics 
Gelatin-gum Arabic 
Gelatin 

Melamine formaldehyde 
Polymethylmethacrylate 
Polymethylmethacrylate 
Gelatin acacia 

Urea formaldehyde 
Melamine formaldehyde 
Gelatin-gum Arabic/sterilized gelatin-gum Arabic 
Polystyrene 
Gelatin-gum Arabic 


Coacervation 

Coacervation 

In situ polymerization 
Emulsion polymerization 
Emulsion polymerization 
Coacervation/spraying drying 
In situ polymerization 

In situ polymerization 
Coacervation 

Suspension polymerization 
Complex coacervation 


Fig. 2. Microscope profiles of MPCM made by different methods. (a) Spray drying method [25], (b) coacervation method [25] and (c) in situ polymerization method [26]. 
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Table 2 
The diameter range of microcapsules [31]. 


Method of microencapsulation Core material Diameter range (jum) 


Phase separation Solid, liquid 2-1200 
Interfacial polymerization Solid, liquid 2-2000 
Spray drying/cooling Solid, liquid 6-600 
Centrifugal extrusion Solid, liquid 1-5000 
In situ polymerization Solid, liquid 1-2000 
Suspend wrapping in air Solid 35-5000 
Electrostatic precipitation Solid, liquid 1-50 
Suspension cross-link method Solid, liquid 2-4000 


continuous core coated with multilayer continuous shell material. 
The microscope profiles of MPCM made by different methods are 
shown in Fig. 2. 


3. Thermal properties of MPCS 


The thermal properties of MPCS are different from the PCM 
and the carrier fluid. In general, several characteristics of MPCS 
are important for design of MPCS system, such as density, thermal 
conductivity, specific heat capacity and viscosity. 

According to conservation of mass: 


1 

Pp = Om,c/ pc - (1 — Om,c)/ Ps (1) 
1 

P= Om,p/ pp + (1 - Om,p)/ Pf 4) 


The densities of microcapsule and carrier fluid are similar to 
ensure the long-term stability of MPCS while preparing the sus- 
pension, so Œm ^: o. Though the density of core material varies by 
10-15% as phase change process happens, the density of slurry can 
be analyzed as a constant because the variation is less than 1-2% in 
low volumetric concentration [32]. 

The specific heat capacity should be evaluated in order to ana- 
lyze the phase change effects. 

According to conservation of energy in solid phase and liquid 
phase of PCM: 


Cp = Am,cCc + (1 — &m,c)Cs (3) 


Ch = Om,pCp + (1 — Om,p )Cf (4) 


Though the specific heat capacity is different between solid 
phase and liquid phase, it can be analyzed as a constant because 
of the low concentration of PCM. 

In the theoretical model, the phase change material is assumed 
to melt over a temperature range. The specific heat capacity in the 
melting process is defined as the following equation: 


Th 
a- [ cdT (5) 
Ti 


Some works show that the shape of specific heat 
capacity-temperature curve has a little effect on the heat 
transfer process [33,34]. Hu and Zhang [35] analyzed four different 
capacity-temperature curve (left triangle, right triangle, rectan- 
gular and sine curve), and the result indicates that four different 
specific heat capacity-temperature curves have little differences 
in heat transfer investigation except in the thermal entry region. 
So the specific heat capacity inside the melting temperature range 
can be given by the following equation: 


(6) 


Ce — Ci €———— 
e EE, mme 


Therefore the specific heat capacity in the whole process of heat 
transfer is shown as follows: 


Ce = Cp 7 T; «T«Tj 

Ce = Cp + Tı<T< Th (7) 
° Th-T 

Ce = Cp Th <T < To 


The thermal conductivity of the microcapsules is calculated by 
the composite sphere approach [36]: 


1 1, dp — dc 
kpdp kede ` ksdpdc (8) 
3 
dp Pc(1 — Qm,c) 
=14 : 9 
(2) PsQm,c (9) 


The thermal conductivity of the MPCS is calculated by Maxwell’s 
relation [37]: 


2 + kp/kf + 2o(kp/kg — 1) 
2+ kp/kp — o(kp/kg — 1) 


However, the thermal conductivity predicted by Maxwell’s rela- 
tion is lower than the effective thermal conductivity on flowing 
condition because of the interaction between the particles and fluid. 
The enhancement of the effective thermal conductivity is relative 
to the particle size, shear rate, thermal diffusivity, concentration 
of the slurry, and so on. The effective thermal conductivity can be 
written as follows [38]: 


kp = kf (10) 


ke = kp of (11) 
mM rm 
f =1+ BaPej = 1+ Bag" ler (2) | (z) (12) 
B=3.0 m=1.5 Pep < 0.67 
B=1.8 m=0.18 0.67 < Pep < 250 (13) 
B= 3.0 m-i Pey > 250 


The viscosity of MPCS is important to analyze the flowing pro- 
cess and the pressure drop. The pumping power increases as the 
pressure drop increases, which is detrimental to the practical appli- 
cation of MPCS. Higher viscosity means higher pumping power and 
lower turbulence of the slurry, so the heat transfer coefficient may 
decrease beyond the phase change process. The viscosity of MPCS 
is affected by several factors, such as the viscosity of carrier fluid, 
the microcapsules concentration, the particle size and the surface 
roughness ofthe microcapsules. Some results [39,40] indicated that 
the viscosity was 1.2-11 times higher than that of water while the 
particle concentration increased from 5% to 30%. The MPCS can usu- 
ally be treated as homogeneous fluid when the volume fraction is 
not high (up to 37%). The viscosity can be given as follows [41]: 


Jb _(1-a—Aa2) > (14) 
n 

where A is a parameter which is relative to the size, the shape, 
the rigidity and the type of the microcapsules. Mulligan et al. [42] 
got the value A=3.4 for the MPCS with particle of 10-30 jum in 
diameter. Wang et al. [40] estimated A7 4.45 while investigating 
the microencapsulated 1-bromohexadecane slurry with particle of 
10.112 um in average diameter at different concentrations. Yam- 
agishi et al. [39] analyzed the microencapsulated octadecane slurry 
with particle of 6.3 jum in average diameter, and obtained A 73.7. 
Charunyaorn et al. [38] indicated the value A= 1.16 when the vol- 
ume concentration was lower than 20%. 

The MPCS can be treated as Newtonian fluid when the volume 
fraction is lower than 30% [39]. Yamagishi et al. [43] carried out 
tests of the MPCS using the microcapsules with the core mate- 
rial of n-tetradecane and n-dodecane. As shown in Fig. 3 [39], the 
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Fig. 3. The relation between friction factor and the Reynolds number of MPCS [39]. 


relation between friction factor and the Reynolds number of MPCS 
is presented, and the slurry evidently displays the similar char- 
acteristics of Newtonian fluid. Yamagishi et al. [44] indicated that 
anionic surfactants could decrease the viscosity of MPCS effectively 
at high mass fraction and suggested that the shape and rigidity 
of the microcapsules may have an effect on the viscosity. Wang 
et al. [40] developed experiment to study the rheological behav- 
iors of MPCS, and the result showed that the shear stress increased 
with shear rate linearly with mass fraction below 27.6%. It is also 
found that the states of phase change material have nearly no effect 
on the rheological behaviors, because the particles contacting with 
the carrier fluid were always solid state. So the viscosity is almost 
independent of temperature [21,40,43]. Zhang et al. [27] carried 
out comprehensive studies on the fabrication and properties of 
microcapsules containing n-octadecane. The result showed that the 
particle size and morphology were significantly relative to the stir- 
ring rate. As the stirring rate increases, the average diameter of 
particles decreases and the surface ofthe particle becomes smooth. 

For the long-term application, the MPCS should be endurable. 
Ohtsubo et al. [45] operated several experiments to study why the 
microcapsules break, and the results presented that the breakage 
of microcapsules increased while the ratio of particle diameter to 
thickness increased. Yamagishi et al. [43] indicated that the smaller 
particle was more endurable by testing the breakage of particles 
with four different size. Alvarado et al. [21] studied the microcap- 
sules made by microencapsulating n-tetradecane with gelatin, and 
indicated that the size should be less than 10 jum to ensure the dura- 
bility of the particles. The experiment also showed the durability 
increased as particle size decreased. Roy and Sengupta [46] ana- 
lyzed the stability of some microcapsules of eicosane in the range 
of 100-250 um, and the result indicated that the smaller, thicker- 
walled particles were more stable than the larger, thinner ones. Ai 
et al. [29] developed a method using casein to protect the microcap- 
sules from breaking in the fabrication process, but the result also 
showed that the melting temperature increased and the latent heat 
decreased. Many studies have focused on the thermal and chemical 
stability of the MPCS when the MPCS is applied practically. Alkan 
et al. [23] carried out experiments to analyze the stability of MPCS 
with n-docasane as core material. The result showed that there was 
no significantly change in the properties of MPCS after 5000 ther- 
mal cycles. Ozonur et al. [20] used coco fatty acid mixture as core 
material to prepare MPCS. It is proved that the chemical structure 
of the phase change material does not change and the geometric 
profile of the core material remains the same after 50 cycles. Some 
other papers have also been published to analyze the thermal and 
chemical stability of MPCS [18,25,47,48]. 


4. Heat transfer model of MPCS in the circular pipe 


The specific heat capacity is assumed to be a function of the 
temperature, so the governing equation can be given as follows: 


oT oT 1 ə oT 

Ux t” ar = Foye, OF | (s) vs) 

The energy equations that govern heat transfer in system are 
based on the following assumptions: (1) the slurry is a uniform 
Newtonian fluid, and the physical properties are constant except 
the specific heat capacity, (2) the flow is fully developed laminar 
flow, so the radial flow can be neglected, (3) the interfacial ther- 
mal resistance of the microcapsules can be neglected, (4) the inlet 
temperature of the slurry is lower than the upper phase change 
temperature, (5) the axial conduction and viscous dissipation can 
be neglected. So, the formulation can be written as: 


oT 1 8|. oT 
"m TPpCp Or | £3] (16) 


The boundary conditions are given as follows: 


oT 
or 


oT 
or 


qw 
Kk 
r=R ew 


=0 
r=0 


Tlz—o =f; (17) 


Define the dimensionless temperature, radius and length of the 
pipe, respectively: 


T - Tj r Z 


~ dwR/kp =R TR (18) 
The velocity profile of the laminar flow is given as: 
u = 2um(1 - r°) (19) 
Um = — (20) 
TT Pb 


The dimensionless governing equation can be written as: 


2,00 13|, ( 06 
E p r' or’ ers) (21) 
Pe, = RepPrp = uae (22) 
b 


The dimensionless boundary conditions are given as follows: 


90 90 
or’ or’ 


-1 (23) 


Alz=0 =0 =0 


rai 


In the heat transfer process of MPCS in the circular pipe, 
the phase change material goes through three phases: solid, 
solid-liquid and liquid, respectively. So the local mean temperature 
of the MPCS in the whole process is not linear. Choi et al. [49] pro- 
posed a “three-region melting model” to calculate the local mean 
temperature. 


mcp(Tı — Tmi 
Region 1 (solid region) : L4 = Ta Tm (24a) 
w 
Region 2 (phase change region) : L = L — L1 — L3 (24b) 
Region 3 (liquid region) : L4 = TOR — Thy (24c) 
w 
The local mean temperature can be given as: 
Ti — Tmi 
Jacq 0<z< Ll 
ly 
T= Tj 
Tm = T+ ——@-h) Lı <z < Ll +l2 (25) 
2 
T, T, 
Tm = Ta + 5 -L l) Li tla sz <1 
3 
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Fig. 4. The variation of dimensionless wall temperature with dimensionless axial 
length [19]. 


To measure the heat transfer efficiency of MPCS, several param- 
eters are used: 


Heat transfer coefficient : hy = —1 (26) 
Tw = Tz 
h;D 
Local Nusselt number : Nu; — k (27) 
b 
; . Tz- Tj Tw — T; 
D lesslocalt ture : 6; = l = i 
imensionless local temperature : 6; quR/A, "T quR/E, 
(28) 


5. Effect of factors on heat transfer characteristics of MPCS 


MPCS is advantageous compared to the conventional sensible 
heat transfer fluid because of the latent heat effect of the phase 
change material. The specific heat capacity is much higher, which 
can greatly improve the heat transfer efficiency of the slurry. 

In the previous researches, some numerical and experimental 
analyses were made to estimate the performances of MPCS. Kasza 
and Chen [3] indicated that the heat transfer efficiency of MPCS 
could be improved to 3 times than that of the conventional fluid by 
studying the performance of solar energy or waste heat utilization 
system with phase change slurry. Charunyaorn et al. [38] carried 
out a numerical study of the MPCS flowing in the pipe, and the 
result estimated that the improvement of the heat transfer coeffi- 
cient can be 4 times higher than that of single phase fluid. Goel et al. 
[50] conducted experiment to analyze the laminar forced convec- 
tion heat transfer of MPCS, and the results were compared with that 
of Charunyaorn et al. [38]. Though the results only agreed qualita- 
tively with the numerical ones and the difference was about 45%, 
those indicated that the dimensionless wall temperature could be 
5075 reduction to that of single phase fluid. Zhang and Faghri [51] 
analyzed the results of Charunyaorn et al. [38] and Goel et al. [50] 
and pointed out the supercooling was the most important reason to 
result in the difference. Chen et al. [19] developed an experiment to 
analyze the performance of the MPCS formed by microencapsulat- 
ing industrial grade 1-bromohexadecane as phase change material. 
As shown in Fig. 4, the decrease of the dimensionless internal wall 
temperature for 15.8 wt% MPCS could be 30% higher than that of 
water. Choi et al. [49] studied the phase change emulsion in turbu- 
lent flow under constant heat flux. The result indicated that heat 
transfer coefficient of the emulsion increased in region 1, decreased 
in region 2 and increased again in region 3. Several experiments of 
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Fig. 5. Heat transfer coefficient with distance [21]. 


thermal performance of MPCS showed similar results [21,39,40], 
which is presented in Fig. 5 [21]. Alvarado et al. [21] estimated that 
the heat transfer coefficient reached the maximum near the melting 
point. Wang et al. [52] carried out experiments to investigate the 
heat transfer performances of MPCS in a circular horizontal tube 
with constant heat flux at both laminar and turbulent flow con- 
ditions. It is found that the heat transfer coefficients for laminar 
flow are always higher than that of single phase fluid. The average 
Nusselt number of turbulent slurry can be 2.5 times higher than 
that of water. Two heat transfer correlations were also proposed 
based on the experimental data to describe the performances of 
MPCS at laminar flow and turbulent flow conditions, respectively. 
Ozonur et al. [20] designed experiments to study the heat transfer 
rate of the microencapsulated phase change material and the pure 
phase change material (coco fatty acid). The result showed that 
the heat transfer rate of microencapsulated phase change material 
was higher compared to that of pure phase change material during 
charging process. 

Hu and Zhang [35] presented a numerical analysis of convec- 
tive heat transfer enhancement with MPCS. It is modified to define 
the local Nusselt number because the conventional local Nusselt 
number which is used to describe the single phase fluid cannot 
accurately describe the performance of MPCS. The energy equation 
is analyzed and the result shows that the modified local Nusselt 
number is a function of several parameters, such as Re, Pr, spe- 
cific heat, the uniformity of velocity profile and the dimensionless 
temperature gradient. But the parameters are not independent and 
some are strongly relative to the properties of microcapsules and 
MPCS. However, they made numerical simulations and predicted 
that Ste number and mass fraction were the most important param- 
eters affecting the heat transfer enhancement. The supercooling, 
phase change temperature range, the particle size and the Re num- 
ber have influence on the heat transfer performance. Zhao et al. 
[53] made parametric analysis of enhanced heat transfer for lami- 
nar flow of MPCS in a circular tube with constant wall temperature. 
It indicated that the result is similar to that of Hu and Zhang [35]. 
Six parameters such as Ste number, volume fraction, supercool- 
ing, phase change temperature range, ration of particle size to tube 
radius and Re number are relative to the performance of MPCS, 
and the Ste number, volume fraction and particle size are the most 
important. 
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Fig. 6. Effect of Ste on dimensionless wall temperature [50]. 


5.1. Effect of Ste number on heat transfer characteristics of MPCS 


The Ste number is a dimensionless number to present the ratio of 
the sensible heat to the latent heat, which is given as Ste = ce(qwr]ky ). 
The influence caused by Ste is strongly dependent of the phase 
change process. Charunyaorn et al. [38] carried out a numerical 
study ofthe MPCS and pointed out that the Ste number was the most 
important parameter affecting the heat transfer process. Goel et al. 
[50] carried out experiment under laminar flow and constant heat 
flux, and the data also showed that Ste number was the most impor- 
tant parameter, especially for Ste less than 1.0, as shown in Fig. 6. 
Zeng et al. [54] developed an experiment to study the heat trans- 
fer characteristics of MPCS in laminar flow, and the result showed 
Ste number was the most dominant parameter to affect the local 
Nusselt number. Zhang et al. [55] carried out theoretical analysis of 
convective heat transfer enhancement of MPCS. The numerical sim- 
ulation results presented that the fluctuation amplitude and range 
increase as the Ste number decreases in the region 2. Chen et al. 
[19] indicated that the expression Ste = ce(qwr/kp) could not show 
the sensible heat in the heat transfer process, so a new Ste number 
was defined as: 


c(To -Ti) - Q — qw 


Ste — Q = m 


1 (29) 


5.2. Effect of mass fraction on heat transfer characteristics of 
MPCS 


The mass fraction affects the thermal conductivity and the vis- 
cosity of MPCS according to Eq. (10). Mulligan et al. [42] carried out 
experiments to study the properties of MPCS with n-octadecane, 
n-eicosane, n-heptadecane and n-dodecane as core material. It is 
found the diameter of microcapsules is between 10 and 30 jum and 
the specific heat increases significantly as mass fraction increases. 
Yamagishi et al. [43] conducted several experiments under turbu- 
lent flow with MPCS of which the size was from 2 to 10 jum. The 
results showed that the performance of the slurry changed from 
turbulent flow to laminar flow at high mass fraction and the pres- 
sure drop decreased. Experimental data of Yamagishi et al. [39] 
shows that heat transfer coefficient increases with mass fraction 
at the same Re number (as shown in Fig. 7), and decreases with 
higher heating rate. The experimental results of Inaba et al. [57] 
indicated that the ratio between heat transported and pumping 
power decreased while increasing the mass fraction of large sized 
particles at laminar flow condition. 


5.3. Effect of Re number on heat transfer characteristics of MPCS 
Re number presents the turbulence of MPCS which can improve 


or suppress the heat transfer coefficient. Roy and Avanic [56] exper- 
imental results indicate the Re number has a significant effect on 
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Fig. 7. Local heat transfer coefficients of MCPCM slurries for different Reynolds 
numbers [39]. (a) Rez =9311-11,020; c- 0.12, (b) Re; = 11,094-12,962; c- 0.07, (c) 
Re; = 5294-6329; c - 0.15 and (d) Re; = 5488-6495; c- 0.12. 


heat transfer performance with phase change material emulsions. 
Inaba et al. [57] conducted experiments to study the MPCS with 
large sized particles of high mass concentration. The results showed 
that the pressure drop decreased at turbulent flow and increased 
at laminar flow. Numerical analysis of convective heat transfer 
enhancement with MPCS at laminar flow condition of Hu and Zhang 
[35] indicated that the average Nu number increased with increas- 
ing Re for the same heat transfer fluid. Zeng et al. [54] indicates 
that the dimensionless wall temperature decreases as Re increases 
at the same dimensionless length. 


5.4. Effect of supercooling and phase change temperature range 
on heat transfer characteristics of MPCS 


Supercooling is the temperature difference between freezing 
and melting points. Researchers explain the supercooling with the 
classical nucleation theory which indicates that the phase change 
process happens because of the homogeneous or heterogeneous 
nucleation mechanism. Montenegro et al. [58] found that homoge- 
neous nucleation mechanism caused greater supercooling. Some 
experimental results show that heterogeneous nucleation is pre- 
ferred to avoid undesirable supercooling [43,59]. The numerical 
analysis of Hu and Zhang [35] estimates that the heat transfer 
enhancement increases as the supercooling and phase change 
temperature range decrease. Yamagishi et al. [43] carried out 
experiments and indicated that supercooling and the phase change 
temperature range increased as the particle size was less than 
100 jum, and it was presented that using nucleating agents with 
molecular structure similar to the core material could considerably 
suppress the supercooling. Alvarado et al. [21] prepared MPCS with 
microcapsules containing 94% tetradecane and 6% tetradecanol, 
and the experimental data indicated that the supercooling signif- 
icantly decreased. However, the latent heat of fusion decreases 
significantly as nucleating agent concentration increases [60]. Fan 
et al. [61] conducted experiment to study the properties of MPCS 
with octadecane as core material and sodium chloride, octadecanol 
and paraffin as nucleating agents, respectively. The results show 
that the supercooling decreases significantly when the nucleating 
agent increases at proper concentration. Zhang et al. [55] indicates 
that the fluctuation amplitude increases with decreasing phase 
change temperature range when phase change happens. 
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Fig. 8. Dimensionless wall temperature for different particle size [54]. 


5.5. Effect of particle size on heat transfer characteristics of MPCS 


The particle size is also relative to the thermal conductivity 
of MPCS according to Eq. (8). In previous researches, Hetsroni 
[62] indicated that the particles size affected the heat transfer by 
enhancing or suppressing the turbulence of the slurry. Liu et al. 
[63] analyzed the relation of heat transfer coefficient with the size 
of particles added into single phase fluid. The results estimated that 
there was a critical size, and when the particles were larger than the 
critical size, the heat transfer coefficient would be enhanced, and 
vice versa. Roy and Avanic [56] carried out an experiment to study 
the laminar heat transfer with phase change material emulsion. 
The results show the characteristics are similar to MPCS, suggest- 
ing that the shell of particle seems to have no significant effect on 
heat transfer process. Inaba et al. [57] analyzed MPCS with different 
sized particles. The results indicate that the heat transfer perfor- 
mance of MPCS with different size is better than that of single sized 
ones. The experimental results of Zhang et al. [27] presented that 
the particle size had no effect on the melting behaviors of microcap- 
sules, but significantly affected the freezing behaviors. Zeng et al. 
[54] results showed that the effect caused by particle size was inde- 
pendent of phase change, and the dimensionless wall temperature 
decreased as the particle size increased, which is shown in Fig. 8. 


6. Conclusions 


A review of MPCS used for heat transfer in a circular tube has 
been carried out in this paper. The materials, fabrication and prop- 
erties of MPCS are presented. The microencapsulation technology 
is very useful to apply phase change materials into thermal stor- 
age and heat transfer field. The heat transfer characteristics and 
parameters affecting the heat transfer process are shown, which 
provides some basic information on the research of MPCS. The 
previous researches prove that the MPCS makes the heat trans- 
fer coefficient improving. However, more work need to be done for 
developing the practical application of MPCS. 


Acknowledgement 


The authors thank the National Natural Science Foundation of 
China (Grant No. 50776043) and the Fundamental Research Funds 
for the Central Universities (Grant No. 1114020401) for financial 
support of this research. 


4631 


References 


[19 


[20 


[21 


[22 


[23 


[24 


[25 


[26 


[27 


[28 


[29 


[30 


[31 


Wang F, Maidment G, Missenden J, Tozer R. A review of research concerning 
the use of PCMs in air conditioning and refrigeration engineering. Adv Build 
Technol 2002;2:1273-80. 

Tyagi VV, Buddhi D. PCM thermal storage in buildings: a state of art. Renew 
Sustain Energy Rev 2007;11:1146-66. 

Kasza KE, Chen MM. Improvement of the performance of solar energy or waste 
heat utilization systems by using phase-change slurry as an enhancement heat- 
transfer storage fluid. J Solar Energy Eng 1985;107:229-36. 

Sohn CW, Chen MM. Microconvective thermal conductivity in disperse two 
phase mixture as observed in a low velocity couette flow experiment. J Heat 
Transfer 1981;103:47-50. 

Zhang P, Ma ZW, Wang RZ. An overview of phase change material slurries: 
MPCS and CHS. Renew Sustain Energy Rev 2010;14:598-614. 

Griffiths PW, Eamesa PC. Performance of chilled ceiling panels using phase 
change material slurries as the heat transport medium. Appl Therm Eng 
2007;27(10):1756-60. 

Mihashi H, Nishiyama N, Kobayashi T, Hanada M. Development of a smart mate- 
rial to mitigate thermal stress in early age concrete. In: Control of cracking in 
early age concrete; 2002. pp. 385-392. 

Tyagi VV, Kaushik SC, Tyagi SK, Akiyama T. Development of phase change 
materials based microencapsulated technology for buildings: a review. Renew 
Sustain Energy Rev 2011;15:1373-91. 

Shin Y, Yoo DI, Son K. Development of thermoregulating textile materials with 
microencapsulated phase change materials (PCM). IV: performance proper- 
ties and hand of fabrics treated with PCM microcapsules. J Appl Polym Sci 
2005;97:910-5. 

Sanchez L, Sanchez P, Lucas A, Carmona M, Rodriguez JF. Microencapsulation 
of PCMs with a polystyrene shell. Colloid Polym Sci 2007;285:1377-85. 

Finch CA. Polymer for microcapsule walls. Chem Ind 1985;75:2-56. 

Su JF, Wang LX, Ren L. Preparation and characterization of double-MF shell 
microPCMs using in building materials. J Appl Polym Sci 2005;97:1755-62. 
Su JF, Wang LX, Ren L. Fabrication and thermal properties of microPCMs: 
used melamine formaldehyde resin as shell material. J Appl Polym Sci 
2006;101:1522-8. 

Wang JP, Zhao XP, Guo HL. Preparation of microcapsules containing two-phase 
core materials. Langmuir 2004;20:10845-50. 

Zhang XX, Fan YF, Tao XM, Yick KL. Crystallization and prevention of supercool- 
ing of microencapsulated n-alkanes. J Colloid Interface Sci 2005;281:299-306. 
Kim EY, Do Kim H. Preparation and properties of microencapsulated octadecane 
with waterborne polyurethane. J Appl Polym Sci 2005;96:1596-604. 

Fang GY, Chen Z, Li H. Synthesis and properties of microencapsulated paraffin 
composites with SiO, shell as thermal energy storage materials. Chem Eng J 
2010;163:154-9. 

Zou GL, Tan ZC, Lan XZ, Sun LX, Zhang T. Preparation and characterization of 
microencapsulated hexadecane used for thermal energy storage. Chin Chem 
Lett 2004;15:729-32. 

Chen BJ, Wang X, Zeng RL, Zhang YP, Wang XC, Niu JL, et al. An experimental 
study of convective heat transfer with microencapsulated phase change mate- 
rial suspension: laminar flow in a circular tube under constant heat flux. Exp 
Therm Fluid Sci 2008;32:1638-46. 

Ozonur Y, Mazman M, Paksoyn HO, Evliya H. Microencapsulation of coco fatty 
acid mixture for thermal energy storage with phase change material. Int J 
Energy Res 2006;30(19):741-9. 

Alvarado JL, Marsh C, Sohn C, Phetteplace G, Newell T. Thermal performance 
of microencapsulated phase change material slurry in turbulent flow under 
constant heat flux. Int J Heat Mass Transfer 2007;50:1938-52. 

Choi J, Lee JG, Kim JH, Yang H. Preparation of microcapsules containing phase 
change materials as heat transfer media by in-situ polymerization. J Inst Chem 
2001;7:358-62. 

Alkan C, Sari A, Karaipekli A, Uzun O. Preparation, characterization, and ther- 
mal properties of microencapsulated phase change material for thermal energy 
storage. Sol Energy Mater Sol Cells 2009;93(1):143-7. 

Alkan C, Sari A, Karaipekli A. Preparation, thermal properties and thermal reli- 
ability of microencapsulated n-eicosane as novel phase change material for 
thermal energy storage. Energy Convers Manage 2011;52:687-92. 

Hawlader MNA, Uddin MS, Khin MM. Microencapsulated PCM thermal energy 
storage system. Appl Energy 2003;74:195-202. 

Fang GY, Li H, Yang F, Liu X, Wu SM. Preparation and characterization of 
nano-encapsulated n-tetradecane as phase change material for thermal energy 
storage. Chem Eng J 2009;153:217-21. 

Zhang XX, Fan YF, Tao XM, Yick KL. Fabrication and properties of microcap- 
sules and nanocapsules containing n-octadecane. Mater Chem Phys 2004;88: 
300-7. 

Bayes-Garcia L, Ventola L, Cordobilla R, Benages R, Calvet T, Cuevas-Diarte MA. 
Phase change materials (PCM) microcapsules with different shell composi- 
tions: preparation characterization and thermal stability. Sol Energy Mater Sol 
Cells 2010;94:1235-40. 

Ai YF, Jin Y, Sun], Wei DQ. Microencapsulation of n-hexadecane as phase change 
material by suspension polymerization. e-Polymers 2007;9:1-98. 

Onder E, Sarier N, Cimen E. Encapsulation of phase change materials by complex 
coacervation to improve thermal performances of woven fabrics. Thermochim 
Acta 2008;467:63-72. 

Finch CA. Ullmann’s encyclopedia of industrial chemistry. New York: VCH Pub- 
lisher; 1990. 


4632 


32 


33 


34 


35 


36 


37 


38 


39 


40 


41 


42 


43 


44 


45 


46 


47 


Z. Chen, G. Fang / Renewable and Sustainable Energy Reviews 15 (2011) 4624-4632 


Roy SK, Avanic BL. Turbulent heat transfer with phase change material suspen- 
sions. Int J Heat Mass Transfer 2001 ;44:2277-85. 

Alisetti EL, Roy SK. Forced convection heat transfer to phase change 
material slurries in circular ducts. J Thermophys Heat Transfer 2000;14: 
115-80. 

Bart GCJ, van der lag PC. Modeling of arbitrary-shaped specific and latent 
heat curves in phase change storage simulation routines. J Solar Energy Eng 
1990;112:29-33. 

Hu XX, Zhang YP. Novel insight and numerical analysis of convective heat 
transfer enhancement with microencapsulated phase change material slurries: 
laminar flow in a circular tube with constant heat flux. Int J Heat Mass Transfer 
2002;45:3163-72. 

Guyer EC, Brownnell DL. Handbook of applied thermal design. New York: 
McGraw-Hill; 1988. 

Maxell JC. A treatise on electricity and magnetism. New York: Dover; 1954. 
Charunyaorn P, Sengupta S, Roy SK. Forced convective heat transfer in microen- 
capsulated phase change material slurries: flow in circular ducts. Int J Heat Mass 
Transfer 1991;34:819-33. 

Yamagishi Y, Takeuchi H, Pyatenko AT, Kayukawa N. Characteristics of 
microencapsulated PCM slurry as a heat-transfer fluid. AIChE J 1999;45: 
696-707. 

Wang XC, Niu JL, Li Y, Wang X, Chen BJ, Zeng RL, et al. Flow and heat transfer 
behaviors of phase change material slurries in a horizontal circular tube. Int J 
Heat Mass Transfer 2007;50:2480-91. 

Vand V. Theory of viscosity of concentrated 
1945;155:364-5. 

Mulligan JC, Colvin DP, Bryan YG. Microencapsulated phase change material 
suspensions for heat transfer in spacecraft thermal systems. J Spacecraft Rack- 
ets 1996;33:278-84. 

Yamagishi Y, Sugeno T, Isi-iige T, Takeuci-ii H, Pyatenko AT. An evaluation 
of microencapsulated pcm for use in cold energy transportation medium. In: 
Energy conversion engineering conference, IECEC 96. Proceedings of the 31st 
Intersociety. 1996. p. 2077-83. 

Yamagishi Y, Takeuchi H, Pyatenko AT, Kayukawa N. Characteristics of MPCM 
slurry as a heat transfer fluid. AIChE J 1999;45:696-707. 

Ohtsubo T, Tsuda S, Tsuji K. A study of the physical strength of fenitrothion 
microcapsules. Polymer 1991;32:2395-9. 

Roy SK, Sengupta S. An evaluation of phase change microencapsules for 
use in enhanced heat transfer fluids. Int Commun Heat Mass Transfer 
1986;18:495-507. 

Hawlader MNA, Uddin MS, Zhu HJ. Preparation and evaluation of a novel solar 
storage material: microencapsulated paraffin. Int J Sol Energy 2000;20:227-38. 


suspensions. Nature 


48] Hawlader MNA, Uddin MS, Zhu HJ. Encapsulated phase change materials 
for thermal energy storage: experiments and simulation. Int J Energy Res 
2002;26:159-71. 

49] Choi E, Cho YI, Lorsch HG. Forced convection heat transfer with phase change 
material slurries: turbulent flow in a circular tube. Int J Heat Mass Transfer 
1994;37:207-15. 

50] Goel M, Roy SK, Sengupta S. Laminar forced convection heat transfer in 
microcapsulated phase change material suspensions. Int J Heat Mass Transfer 
1994;37:593-604. 

51] Zhang Y, Faghri A. Analysis of forced convection heat transfer in microen- 
capsulated phase change material suspensions. J Thermophys Heat Transfer 
1995;9:727-32. 

52] Wang XC, Niu JL, Li Y, Zhang YP, Wang X, Chen BJ, et al. Heat transfer of microen- 
capsulated PCM slurry flow in a circular tube. AIChE J 2008;54:1110-20. 

53] Zhao ZN, HaoR, Shi Y. Parametric analysis of enhanced heat transfer for laminar 
flow of microencapsulated phase change suspension in a circular tube with 
constant wall temperature. Heat Transfer Eng 2008;29:97-106. 

54] Zeng RL, Wang X, Chen BJ, Zhang YP, Niu JL, Wang XC, et al. Heat transfer char- 
acteristics of microencapsulated phase change material slurry in laminar flow 
under constant heat flux. Appl Energy 2009;86:2661-70. 

55] Zhang Y, Hu X, Wang X. Theoretical analysis of convective heat transfer 
enhancement of microencapsulated phase change material slurries. Heat Mass 
Transfer 2003;40:59-66. 

56] Roy SK, Avanic BL. Laminar forced convection heat transfer with phase change 
material emulsions. Int Commun Heat Mass Transfer 1997;24:653-62. 

57] Inaba H, Kim MJ, Horibe A. Melting heat transfer characteristics of microen- 
capsulated phase change material slurries with plural microcapsules having 
different diameters. ASME J Heat Transfer 2004;126:558-65. 

58] Montenegro R, Antonietti M, Mastai Y, Landfester K. Crystallization in 
miniemulsion droplets. J Phys Chem 2003;107:5088-94. 

59] Montenegro R, Landfester K. Metastable and stable morphologies during crys- 
tallization of alkanes in miniemulsion droplets. Langmuir 2003;19:5996-6003. 

60] Alvarado JL, Marsh C, Sohn C, Vilceus M, Hock V, Phetteplace G, et al. Char- 
acterization of supercooling suppression of microencapsulated phase change 
material by using DSC. J Therm Anal Calorim 2006;86:505-19. 

61] Fan YF, Zhang XX, Wang XC, Li J, Zhu QB. Super-cooling prevention of microen- 
capsulated phase change material. Thermochim Acta 2004;413:1-6. 

62] Hetsroni G. Particles-turbulence interaction. Int J Multiphase Flow 
1989;15:735-46. 

63] Liu KV, Choi US, Kasza KE. Pressure drop and heat transfer characteristics of 
nearly buoyant particulate slurry for advanced energy transmission fluids. Int 
Symp Liquid-Solid Flows 1988:107-13. 


